A series of halogenated BODIPY with different substitutions patterns at meso position such as aryl groups and heteroatoms (methylthio (MeS) and amino (NR 2 ) groups) with various electron-donor and electronwithdrawing properties are studied. A detailed analysis of their photophysical properties as well as a thorough determination of their singlet oxygen quantum yields enlightens the role of the substituents at the meso position. Importantly, one of the new halogenated BODIPY with a methylthio group at the meso position, with intense absorption band in the visible region is proposed as a suitable reference with high singlet oxygen quantum yield, practically constant in different solvents of a wide polarity range. † Electronic supplementary information (ESI) available: The rotamers and the resonance structures of the different BODIPYs, the description of the singlet oxygen calculation by direct and indirect method, an illustrative scheme of the processes involved aer the excitation and the variation of 1 O 2 emission signal with the concentration of 7 and 8 compounds. See Scheme 1 The molecular structure of halogenated BODIPY derivatives. 41992 | RSC Adv., 2016, 6, 41991-41998 This journal is
Introduction
Photodynamic therapy (PDT) is a minimally invasive and nontoxic procedure that offers many advantages over traditional cancer treatments. PDT has proved high efficacy to kill microbial cells, including bacteria, fungi and viruses and can be used to clinically treat a wide range of medical conditions. 1 PDT applications involve three components: a photosensitizer (PS), a light source and oxygen. When the PS is exposed to suitable wavelengths, it can be activated and undergo energy transfer through its triplet excited state (T) to generate cytotoxic reactive oxygen species (ROS), mainly singlet oxygen ( 1 O 2 ), to kill the tumor cell by apoptosis or necrosis. 2 For general chemical applications, several classes of PSs such as xanthene dyes, porphyrins, phthalocyanines, phenothiazines, fullerenes, and aromatic ketones among others are well known for the production of singlet oxygen and other reactive oxygen species (ROS). 3, 4 In the specic eld of PDT, porphyrins photosensitizers have attracted high attention for biological singlet oxygen production. 2 However, they show several disadvantages such as chemical complexity, low molar extinction coefficients in the red-part of the visible spectra, poor or low specic accumulation in tumour tissue. Therefore high doses and long time between administration of drug and irradiation are needed. Moreover, their extremely long clearance from the body may produce high cutaneous photosensitivity post-treatment and other side effects. 2, [5] [6] [7] Recently, a new type of chromophores, 4,4-diuoro-4-bora-3a,4a-diaza-s-indacene, also known as BODIPY (used in the following) have attracted considerable attention because of their very favorable chemico-physical features, including high extinction coefficients in the visible region and resistance to photobleaching. 8 Besides, their properties are practically unaffected by environmental conditions (solvent polarity or pH) and by the high lipophilicity of the medium. 9 Moreover their synthesis versatility allows an exhaustive and selective structural modication/functionalization around the core structure of the chromophore, in order to modulate their properties and to enhance their therapeutic efficiency. Although BODIPYs usually exhibit negligible efficiency of triplet T formation due to their high uorescence quantum yields, there are different tactics to enhance the intersystem crossing to the triplet state such as the incorporation of heavy atoms (i.e. Br, I) directly to the BODIPY core, thereby favoring spin-orbit coupling. 6, [10] [11] [12] [13] Indeed, the in vitro or in vivo tests have already showed the efficacy of halogenated BODIPYs to kill tumor cells. 14 In this work new halogenated-BPD with different substitution patterns at their meso position are studied (Scheme 1). Particularly, several halogenated BODIPY with different halide atoms (Br or I) at 2,6 positions and different substitutions patterns at meso (or atom number 8) position such as p-substituted phenyl groups and heteroatoms such as methylthio (MeS) and amino groups (NR 2 ) are considered. As previously described for nonhalogenated BODIPY, [15] [16] [17] the absorption and emission bands are expected to shi hypsochromically or bathochromically depending on the substituted heteroatom at the 8-position. This work is thus mainly focused on the inuence of different substitution patterns of several halogenated BODIPY on the singlet oxygen production, as well as their photophysical properties.
In order to determine the absolute singlet oxygen quantum yields (F D ) of novel sensitizers different approaches may be used: (a) an indirect method based on reactive and specic chemical probes for singlet oxygen detection or (b) the direct detection of the weak singlet oxygen luminescence in the near-IR region (1276 nm). The direct method should provide a more straightforward and accurate F D value with respect to the indirect method as long as suitable reference sensitizers are used. Actually, a good reference sensitizer should be thermally and photochemically stable. Its singlet oxygen quantum yield should be precisely known (% relative error # 10%), solventindependent and relatively high (F D $ 0.40). Moreover, it should have a low rate constant of singlet oxygen quenching by the sensitizer itself (k PS t ), beneting from the absence of selfsensitization of its own photo-oxidation and enabling the use of rather high sensitizer concentrations. 4 Ideally, the same excitation wavelength and mainly the same solvent should be used for the reference and for the PS under study. 18 Among standard photosensitizers for singlet oxygen production, 1Hphenalen-1-one (phenalenone) is considered as the universal reference with a singlet oxygen quantum yield close to 1, varying only in a narrow range (0.94 < F D < 1.00) in numerous polar and non-polar solvents. 19 However, phenalenone can only be used under UV-excitation light since its absorption bands are in the 200-400 nm range with molar absorption coefficients around 3 $ 10 000 M À1 cm À1 . On the other hand, photosensitizers from the xanthene (such as Rose Bengal) or phenothiazine (such as methylene blue) family show strong absorption bands in the visible range (3 > 50 000 M À1 cm À1 ) and are commonly used as standards for the singlet oxygen production in the vis region. However, they are only suitable in polar solvents such as in ACN, EtOH or MeOH, with sometimes very scattered published singlet oxygen quantum yields (i.e. for RB in ACN, F D ¼ 0.5-0.8). 3, 18 Moreover, these reference PSs undergo prompt photo-bleaching, have a high tendency to aggregate in polar solvents and are insoluble in apolar or chlorinated solvents. Therefore, a suitable reference, soluble in both apolar and polar solvents, with high F D and good photostability would be desired for the vis region. In the following, one of the new halogenated BODIPY studied in this work could full all those requirements.
Experimental

Synthetic procedures and characterization
Rose Bengal and phenalenone (purity 95% and 97%, respectively) were purchased from Sigma-Aldrich and used as received. The synthesis of the new halogenated BODIPYs has been recently detailed in ref. 16 .
Their photophysical properties were measured in diluted solutions (approx. 5 Â 10 À6 M). The UV/vis absorption spectra were recorded on a Varian dual beam spectrometer (CARY 4E) in transmittance mode. Emission spectra were recorded on a spectrouorimeter Edinburgh Instruments (FLSP920 model) with a xenon ash lamp 450 W as the excitation source. The uorescence spectra were corrected from the wavelength dependence of the detector sensibility. Fluorescence quantum yield (f) was obtained using several references such as the commercial BODIPY 597, 605 (f r u ¼ 0.43 and 0.66 in ethanol, respectively) and cumarine 152 (f r u ¼ 0.18 in ethanol). The production of singlet oxygen was determined by indirect method, based on the chemical reaction of 9,10-dimethylanthracene (DMA) as a chemical probe (see ESI † for details) 20 and by direct measurement of the luminescence at 1276 nm of the singlet oxygen with a NIR detector (InGaAs detector, Hamamatsu G8605-23) integrated in the spectrouorimeter (Edinburgh Instruments, model FL920). See ESI † for details on the calculations. In the latter case, the singlet oxygen signal was recorded in cells of 1 cm in front conguration (front face), 40 and 50 to the excitation and emission beams, respectively and leaned 30 to the plane formed by the direction of incidence. The signal was ltered by a low cut-off lter at 850 nm. The singlet oxygen signal was measured in the BODIPY concentration range 10 À4 to 10 À5 M with at least ve different concentrations. Note here that there was not any indication of BODIPY aggregation since the absorption spectra of the different BODIPYs did not show any modications as the concentration increased (up to 10 À4 M). The singlet oxygen quantum yield (F D ) was calculated using the following equation (subscript R refers to the reference and PS to the photosensitizer under study):
where F D (R) is the quantum yield of singlet oxygen production of the reference. We used Rose Bengal (F D ¼ 0.53 in acetonitrile, measured in our laboratory with respect to phenalenone in acetonitrile (F D ¼ 1) 19 ). The factor a ¼ 1-10 ÀAbs corrects the different amount of photons absorbed by the samples, Se is the singlet oxygen signal of the samples. Although, it is highly recommended to carry out the reference and PS quantum yield determination in the same solvent, it is sometimes necessary to use different solvents. In that case, a correction has to be introduced, taking into account s D P , lifetime of singlet oxygen phosphorescence and the refractive index of the respective solvents (see ESI, eqn SI 07 & 08 †). 15, 21 Note here that, in eqn (1) the rate constant of the total quenching of singlet oxygen by the photosensitizer itself (k PS t ) is assumed to be negligible relative to the rate constant of quenching of singlet oxygen by the solvent (k d ) (see ESI, eqn 05 and 06 †).
The lifetime of singlet oxygen in different solvents was measured by the time resolved decay of the phosphorescence signal at 1276 nm in the same spectrouorometer (Edinburgh Instruments, model FL920) using a pulsed ash lamp 60 microseconds W (mF920) as excitation and recording 5000 counts in the peak emission channel. The singlet oxygen lifetimes (s) were obtained from the slope by means of an iterative method by the FAST soware (Fluorescent Analysis Soware Technology). The goodness of the exponential t was controlled by statistical parameters (chi-square, Durbin-Watson and the analysis of the residuals).
The setup and method used for the indirect determination of singlet oxygen quantum yield using 9,10-dimethylanthracene (DMA, Sigma Aldrich) as a singlet oxygen probe are described in ESI (eqn SI 08 and SI 11 †). Briey, the solution of BODIPY 7 in ACN solvent (3 Â 10 À5 M) containing DMA (6 Â 10 À5 M) was excited at the absorption maxima (l abs ¼ 533 nm) using a 200 W Xe-Hg light source equipped with a monochromator.
Results and discussion
8-Aryl-BODIPYs
First, the photophysical properties and singlet oxygen production of several BODIPY with halogenated atoms at 2,6 position and different aryl groups at meso (or 8) position were studied in ACN solvent. The results are compared with dye 1 (2,6-diBromo-BODIPY) without any substitution at its meso position, considered as the reference compound (Table 1 and Fig. 1 ).
The photophysical behaviour and more particularly the quantum yields of singlet oxygen production of the reference compound, 1 and of its homologous 2 with an ortho-methyl-phenyl group substituted at the meso position are very similar (Table 1) .
It has been previously demonstrated that non-halogenated 8aryl-BODIPYs usually present a very low uorescence quantum yield, attributed to the deactivation by internal conversion due to the free rotational motion of the pendant 8-phenyl group that can also distort the indacene planarity. [22] [23] [24] [25] [26] However the internal conversion is drastically reduced by the substitution in ortho position of the phenyl group (here by a methyl group) because it hampers the free rotation due to sterical hindrance: the aryl group is blocked practically in perpendicular disposition relative to the BODIPY core ( Fig. S1 †) . That means that the substituted aryl group in 2 does not take part in the electron delocalization and consequently does not practically affect the photophysical properties and the singlet oxygen generation with respect to the unsubstituted 8-position.
Conversely, in the derivatives 3 and 4, the aryl groups at meso position can freely rotate 11, 27 and the internal conversion processes increase to the detriment of the radiative emission from the singlet state and to the intersystem crossing to the triplet state, consequently decreasing both uorescence and singlet oxygen production.
On the other hand, the position of absorption and emission bands slightly depends on the electronegativity of the different groups attached on the para position of the 8-phenyl (Table 1 and Fig. 1 ). Generally, with an electron donor substitution at meso position of the BODIPY such as in the case of 8-para-methoxyphenyl compound (4), the LUMO is destabilized and the energy gap between both states increases, producing a blue shi of their respective spectral bands ( Fig. 1 ). However, if the substituent is an electron withdrawing group such as in 8-para-triuoromethylphenyl (3), the LUMO state is stabilized and the energy gap between both states is lower, giving a red shi of the bands relative to the unsubstituted BODIPY at meso position ( Fig. 1 ). 15 19 c ND not determined. The nature of the group substituted at meso position, i.e. methoxy-phenyl vs. triuoromethyl-phenyl, has a more signicant impact on the uorescence emission and singlet oxygen generation. Indeed, taking 1 as the reference, compound 4 with the electron donor MeO group shows a lower decrease in the efficiency of both processes relative to 3 with the electro withdrawing CF 3 group. This effect could be related to the activation of a weakly or non-emissive intra charge-transfer (ICT) process between the BODIPY core and the substituent group at the meso position, process already described in similar compounds. 28, 29 Accordingly, the more activated the ICT state, the less favoured is the radiative uorescence deactivation from the locally excited (LE) and the intersystem crossing to the triplet state ( Fig. S2 in ESI †). In fact, according to the Hammett parameters (0.54 and À0.27, for triuoromethyl and methoxy groups respectively), 30 the electron withdrawing character of CF 3 is higher than the electron donor ability of the MeO groups. Consequently, the CF 3 substituted derivative would activate in a higher extent the ICT process from the BODIPY core to the aryl substituent than the MeO substituted compound (in this case the ICT from the aryl group to the BPD core). Nevertheless, the effect of the ICT on the singlet oxygen production will be more clearly seen below in the 8-amino-BODIPY derivatives, in which amines with different electro-donor abilities are substituted at the meso-position of the BODIPY.
From these results it can be concluded that the bromination of the BODIPY core at 2 and 6 positions leads to a balanced contribution of uorescence emission and singlet oxygen generation. Consequently, both 2,6-dibromo-BODIPYs 1 and 2 show interesting properties according to their dual behaviour and could thus act as theranostic platforms suitable for imaging (uorescence) and treatment (photodynamic therapy, PDT). The substitution of the aryl group at meso position with no restricted rotation signicantly decreases both uorescence emission and singlet oxygen production due to the increase of internal conversion processes. Depending on the electron donor or electron withdrawing capacity of the groups substituted at meso position, the efficiency of both processes can also be disturbed (f  and F D ) by the competitive activation of ICT process.
8-Methylthio-BODIPY
In this subsection, the photophysical properties and the singlet oxygen generation of BODIPYs with a methylthio substituted at meso position but with different halogenated atoms (5, 6 and 7 in Scheme 1) are studied and compared with the ref. 1 .
The halogenation (type and extend) of the BODIPY core strongly inuences the position of the absorption and emission bands. In fact, previous studies have conrmed that successive halogenation of the BODIPY core gave rise to a progressive bathochromic shi of both spectral bands. 11 This is conrmed in the emission spectra of methylthio-BODIPYs with different halide substitutions ( Table 1 and Fig. 2B ). However, the absorption band for all these compounds is blue-shied relative to 1 ( Fig. 2A) . This blue shi is ascribed to the stabilization of a new resonance form, a hemicyanine-like structure, where the methylthio is delocalized though the BODIPY core (resonance form B in Fig. S3 , ESI †). 17 The formation of a hemicyanine-like p-system has been previously demonstrated for a series of halogen-free BODIPYs with different substitution patterns at meso position. 15, 29 Additionally, the shoulder at lower energies observed in the absorption spectra (Fig. 2) is attributed to the contribution of normal cyanine-like resonance (form A in Fig. S3 †) with a more delocalized p-system. The shorter delocalization of the hemicyanine B with respect to cyanine-like resonance form A accounts for the blue shi in the absorption spectra, generating a relatively signicant Stoke shi. 17 In this context, since the cyanine-like resonance form is the only species responsible of the emission, the emission bands of all the halogenated methylthio-BODIPYs, even compound 6 with only one bromide atom at 2-position, are red-shied with respect to the reference compound 1 ( Table 1 and Fig. 2 ). On the other hand, as already stated for non-halogenated BODIPYs, 15 the contribution of the non-emissive hemicyanine-resonance form (methylthio electronically coupled with the BOPIDY core) could be the reason of the lower uorescence quantum yield in 5 with respect to 1. As shown in Fig. S3 , † this resonance form is favoured in polar media, such as ACN. For instance, the relative contribution of forms A and B in compound 7, was estimated from the deconvolution of the main absorption band in two Gaussians, in which the component at lower energies (resonance form A) increases around 2.7 times in chloroform with respect to ACN. On the other hand, since the shape of the absorption spectra of 5, 6, and 7 in Fig. 2 is quite similar (i.e. the intensity of the shoulder at lower energies relative to the main absorption band is analogous), the contribution of the resonance forms A and B is probably not very different for all these methylthio-meso BODIPY with different halogenated pattern. On the contrary, the type and extent of halogenation on the BODIPY core will have a more signicant impact on the uorescence capacity and consequently on the singlet oxygen generation due to the heavy atom effect. Thus, compound 7 with two iodine atom substituted at 2,6-position is characterized by a very low uorescence quantum yield (f  ¼ 0.04), as a consequence of a strong enhancement of the intersystem crossing relative to 5 with two bromine atoms (f  ¼ 0.33) or to the mono-brominated 6 (f  ¼ 0.51) ( Fig. 2 and Table 1 ). As expected, the di-iodo compound 7 shows the highest singlet oxygen quantum yield, F D ¼ 0.82-0.85 (Table 1 ) since the spin-orbit coupling depends on the fourth power of the atoms orbital quantum number. The substitution by two iodine atoms thus induces a more efficient ISC relative to the substitution by two bromine atoms (5, F D ¼ 0.61-0.62), or even with respect to the compound with only one bromine atom (6,
The more relevant aspect in these methylthio-BODIPY compounds, is that owing to their relatively intense S 0 -S 2 absorption band (molar extinction coefficient 3 $ 1.3 Â 10 4 M cm À1 , Fig. 2A) , the determination of the singlet oxygen quantum yield is possible by the direct method exciting either in the UV (with phenalenone as reference) or in the green-yellow visible range (using Rose Bengal as standard, Table 2 ). Actually, similar singlet oxygen quantum yields were obtained in ACN for these methylthio-BODIPYs with either reference. This result in turn also validates the singlet oxygen quantum yield determined for RB in ACN (F D ¼ 0.53), for which very scattered values (F D ¼ 0.42-0.83) may be found in the literature. [33] [34] [35] In the following, the analysis of singlet oxygen quantum yields of 7 in several solvents of various polarities was addressed. It should be stressed here that the solvent polarity is not the only factor governing singlet oxygen quenching and lifetimes and that other parameters dealing with the formation and stability of the collision complex between a solvent molecule S and oxygen (S-O 2 ), out of the scope of the present paper, have to be considered. 32 Nevertheless, the singlet oxygen quantum yield of compound 7 in ACN, THF, dichloromethane (DCM) or chloroform are very similar (F D(PN) ¼ 0.79-0.82, Table  2 ) when phenalenone (PN) is used as reference. However, when RB in ACN is used as standard, greater discrepancies are observed, with an over estimation of the singlet oxygen quantum yields (F D(RB) ¼ 1.15-1.31), particularly in chlorinated solvents, while consistent values with the previous ones are obtained in ACN or THF (F D(RB) ¼ 0.82-0.85). This result highlights the already mentioned more difficult correction to be made when using different solvents between the reference and the PS under investigation (eqn SI 07, ESI †). In other words, since RB cannot be used as a reference in DCM or CHCl 3 due to its poor solubility, it is highly possible that the singlet oxygen quantum yield measured for 7 using RB in ACN as the standard are poorly reliable. The sole consistent result to consider here is in the same solvent, i.e. ACN (F D(RB) ¼ 0.85).
Moreover the rate constants of the total quenching of singlet oxygen by the PS itself in ACN, k PS t (M À1 s À1 ) (see eqn SI 04 in ESI † for the details on calculation), were determined for these methylthio-BODIPYs by varying the PS concentration relative to the reference (Rose Bengal). The independence of the (S R e / S Ps e )(a Ps /a R ) with respect to the concentration for 1, 6 and 7 (Fig. 3A stars, triangles and squares, respectively) indicates that the quenching of 1 O 2 by these BODIPYs was negligible compared to the quenching by the solvent (k PS t [PS] ( k d ). On the other hand, a much more signicant k PS t ¼ 5.4 Â 10 8 M À1 s À1 is obtained for compound 5 (Fig. 3A rhombus) .
In order to conrm these results, the 1 O 2 specic chemical probe, 9,10-dimethylanthracene (DMA), is added to the photosensitizer solution in ACN. In this case, the singlet oxygen generation can be followed photometrically since the characteristic absorption bands in the 300-400 nm range of DMA will gradually disappear due to the formation of the endoperoxide as the reaction product 36 (Fig. 3B ). First the intensity of the absorption band of 7 is constant during the reaction time, conrming the stability against photobleaching on the timescale of the experiment. A relatively fast decrease of the absorption bands of DMA with time is observed and the singlet oxygen quantum yield calculated by this approach (eqn SI 08-11 in ESI †), using k Q t ¼ 8.8 Â 10 7 M À1 s À1 and k r ¼ 5.3 Â 10 7 M À1 s À1 values for DMA in ACN found in the literature 37, 38 is F D $ 0.75. This value is in good agreement with the quantum yield determined by the direct method given the possible errors on the kinetic rate constants from the literature.
From all these results, it appears that compound 7 could be further analysed as a suitable solvent-independent standard for the UV and green-yellow region of the vis spectra, instead of the usual RB standard, with a possible use in chlorinated solvents such as CH 2 Cl 2 or CHCl 3 where RB is not soluble. A more detailed study of compound 7 as potential reference should be addressed in an additional work, out of the scope of the present paper, dealing with the complete photophysical characterization of the excited states of 7 both from an experimental and theoretical point of view. As a matter of fact, for the other well-known standard photosensitizer phenalenone, an extensive discussion (summarized in ref. 4 ) of the intersystem crossing efficiency between the S and T states allows understanding the insensitivity of singlet oxygen quantum yields to solvent polarity. 
8-Amino-BODIPY
In this section, the photophysical properties and the singlet oxygen generation of BODIPYs with two iodine atoms at 2,6 position and various substituted amino groups at meso position (8, 9 and 10, Scheme 1) were studied. As commented above, the position of the spectral bands markedly depends on the heteroatom attached at the meso position of the BODIPY and more particularly on the electronegativity of that heteroatom. That is, the larger electron donor capacity of the group at meso position, the higher the hypsochromic shi because the hemicyanine resonance structure (Fig. S5 †) is more favoured. 15, 17, 39 In fact, BODIPY 8 with a NHMe substitution at meso position gives a very pronounced blue shi, more than 100 nm (Table 1 and Fig. 4) , with respect to 7 (methylthio at meso position and same halogenation pattern), in agreement with their respective Hammett parameters (s + p ¼ À1.81 for NHMe and s + p ¼ À0.60 for SMe, respectively). 30 The uorescence spectra of these amino substituted iodo-BPDs show a very poor emission band (f  # 0.05) with respect to the analogous compounds without any heavy atom (f  $ 0.80 in ethanol 5 ). This is attributed to the presence of halogen atoms, which enhance the intersystem crossing (ISC) process to the triplet state. However, in these halogenated BODIPYs, the competitive formation of an ICT state, which strongly depends on the amine-group substitution pattern at the meso position, will have a higher impact on the singlet oxygen production than on their uorescence. Indeed, the replacement of the methyl group (s + p ¼ À0.31) in 8 by a propargyl group in 9 (lower electron-donor strength, s + p ¼ +0.18), disfavours the activation of ICT and consequently increases the singlet oxygen production (F D ¼ 0.96, Table 1 ) with respect to compound 8 (F D ¼ 0.78).
As a result, both 8 and 9 represent an interesting alternative as photosensitisers for singlet oxygen production with high quantum yields upon blue visible light and UV excitation. Moreover, the 1 O 2 production by those amino-BODIPY is independent of their concentration (Fig. S6 †) , indicating a negligible self-quenching of singlet oxygen (k PS t [PS] ( k d ). On the other hand, although tertiary amines have higher electron-donating character, the hypsochromic shi of 10 relative to 7 is smaller than that observed for the secondary amines 8 and 9. In this particular case, the cyclic amine is not in a coplanar arrangement with the BODIPY core due to steric hindrance, reducing the probability of the formation of the hemicyanine (Fig. S5 †) , and consequently the shi of the spectral bands to the blue (Fig. 4) . Moreover, the reason why 10 does not show any signicant singlet oxygen generation is likely due to the fee rotation of the amine group which enhances the internal conversion process, to the detriment of intersystem crossing to the triplet state and consequently to singlet oxygen generation, as previously commented for the aryl-BODIPY 3 and 4 for instance. In fact, as a consequence of these motions, a twisted intramolecular charge transfer state (TICT) may also be favoured, which will compete with the radiative emission from the singlet state (uorescence) and intersystem process to the triplet state (singlet oxygen production). Therefore, the substitution of piperidine group at the meso position in not recommended.
Conclusions
First, the type and extent of halogenation on the BODIPY core have a signicant impact on the uorescence and singlet oxygen quantum yields due to the heavy atom effect. Thus, by bromination of the BODIPY core (at 2-position or both 2,6positions), the chromophores exhibit a dual functionality since they maintain both a high enough uorescence emission (f  $ 0.40-0.30) suitable for bioimaging but, at the same time, a high enough triplet state population to promote singlet oxygen generation (F D $ 0.50-0.60) for PDT. A balanced efficiency is thus achieved, which could be important for theranosis application. On the other hand, by iodination of the BOPIDY at 2,6 positions, the spin orbit coupling is enhanced and very high singlet oxygen quantum yield are obtained (F D $ 0.80-0.90) at the expense of the uorescence efficiency (f  < 0.10). In vitro experiments will be carried out with the present compounds to test their internalization into the cell, their efficiency to kill tumor cells together with their toxicity in dark conditions.
On the other hand, the substitution patterns at the meso position of the BODIPY plays an important role in the deactivation pathways of the rst singlet excited state, such as internal conversion and possible internal charge transfer processes. Thus, the substitution of groups with free rotational motions (such as phenyl and piperidine groups) deactivates both uorescence and singlet oxygen generation due to the increase of internal conversion processes. Moreover, the electron-donor strength of the substituent at the meso position (especially when including heteroatoms) not only modies the position of the spectral bands but also strongly affects the uorescence and singlet oxygen quantum yields. In this regard, substituents with relatively high electron-donor strength such as NHMe, will activate an ICT state reducing the efficiency of the singlet oxygen generation.
At last, a new standard for singlet oxygen quantum yield determination based on an iodo-BODIPY with a methylthio at its meso position (compound 7) is proposed. This compound shows intense bands in the visible (l abs ¼ 533 nm, 3 max > 40 000 M À1 cm À1 ) and in the UV range (l abs ¼ 400 nm, 3 max > 10 000 M À1 cm À1 ), together with high singlet oxygen quantum yields Fig. 4 The amino-BODIPY compounds 8-10 (A) normalized absorbance spectra (B) fluorescence spectra normalized to the fluorescence quantum yield (C) singlet oxygen spectra normalized to the singlet oxygen quantum yield with l exc ¼ 400 nm.
(F D $ 0.8), practically solvent-independent in a broad polarity range. Moreover, no noticeable quenching of 1 O 2 by this PS was observed (k PS t [PS] ( k d ). Other favorable chemico-physical features already demonstrated for BODIPY-dyes (i.e. low photobleaching and high lipophilicity) make this particular BOD-IPY a possible alternative as a standard photosensitizer for UV and visible range, in a large variety of solvents, including chlorinated ones, even if further work is needed to rmly establish it as a universal reference.
